The Mg2+-and Ca"-stimulated ATPase (EC 3.6.1.3; ATP phosphohydrolase) (bacterial coupling factor) was purified from two strains of E. coli by two different procedures: (a) method of Nelson, Kanner, and Gutnick [Proc. Nat. Acad. Sci. USA (1974) 71, 2720-27241 and (b) a modified procedure described in this paper. The ATPase purified from E. coli K12 (X) by the first procedure had 4 subunits (a, ,, -y, and e). It did not bind to a deficient membrane, nor did it reconstitute ATP-driven transhydrogenase activity. Our modified procedure (b) yielded 5 subunits (a, ,, -y, 6, and e). This ATPase could bind to a deficient membrane and reconstitute ATP-driven transhydrogenase. This finding suggests that the 5 subunit is required for the reaction with the membrane. The molecular weight of the 4-subunit ATPase was significantly lower than that of the 5-subunit ATPase, as judged by equilibrium centrifugation. The specific ATPase activities of both preparations were about the same. These two procedures were also applied to E. coli ML308-225.
Considerable attention has been devoted to the role of the Mg2+-and Ca2+-activated ATPase (EC 3.6.1.3; ATP phosphohydrolase) of Escherichia coli, not only as a coupling factor of oxidative phosphorylation but also as a factor energizing active transport. Mutants lacking this enzyme were isolated in several laboratories (1) (2) (3) (4) (5) (6) (7) . Studies with such mutants have been useful in distinguishing transport systems driven by an energized membrane state from those that require substrate level phosphorylation (8, 9) . Reconstitution of phosphorylation and ATP-driven transhydrogenase using membranes from these mutants and crude extracts from wildtype cells has been reported (10, 11) . Other mutants uncoupled for oxidative phosphorylation but retaining ATPase have also been isolated (12) (13) (14) , and studies on these mutants will be expected to further our knowledge of the coupling process.
The ATPase has been solubilized and purified by several workers (15) (16) (17) (18) (19) (20) (21) and reported to contain five nonidentical subunits (17) or only four (18) . Recently Nelson et al. (22) purified this enzyme to a homogeneous state with the highest specific activity yet recorded, and also found 4 subunits. In the present paper the ATPase was purified from membranes of E. coli by the procedure of Nelson et al. (22) and by a new modification developed by us. Both preparations had the same specific activities when rates of ATP hydrolysis were measured, but only the "modified" procedure gave a fraction that could be mixed with deficient membranes to reconstitute ATP-driven transhydrogenase activity. Examination of these two preparations from E. coli K12 (X) suggests that the 5 subunit* is necessary for coupling activity.
EXPERIMENTAL PROCEDURES Bacteria andr Growth. E. coli ML308-225 (i-z-y+ a+) and its derivative, DL54 (ATPase-negative), were kindly supplied by Dr. R. D. Simoni (4) . All cultures were grown aerobically in a synthetic medium (24 French press (pressure set at 8000 lbs). The mixture was incubated at 23°for 10 min and centrifuged at 8000 X g for 10 min. The supernatant fraction was removed and centrifuged at 100,000 X g for 120 min. The pellet was suspended in 50 mM Tris . HCl (pH 7.5), 10 mM MgCl2 to give an unwashed membrane fraction. To obtain washed membranes, the above pellet was suspended in 25 ml of 0.5 mM EDTA, 10% glycerol, and 1 mM Tris HCl (pH 8.0); the mixture was incubated at 23°for 1 hr and centrifuged at 100,000 X g for 180 min. The pellet was suspended in 2. Tausky and Shorr (26) . This assay is useful in a rapid survey of column fractions. Assays using an ATP-regenerating system were done as described (27) .
Assay of Aerobic and A TP-Driven Transhydrogenase. The procedures of Fisher and Sanadi (28) were modified as follows: "Aerobic transhydrogenase" will refer to the reaction driven by oxidative energy. It was measured in a medium The increase in absorbancy at 340 nm was followed for about 8 min in a Gilford spectrophotometer. Ten microliters of 60 mM ATP was then added to measure the ATP-driven transhydrogenase. The increase in absorbancy at 340 nm was again followed for 3 min. The residual aerobic rate was subtracted from this increase, and the result was expressed as the ATP-driven rate. For the reconstitution assay, washed membrane from ML308-225 (0.3 mg of protein) and purified ATPase (1-2 units) were incubated in 1.0 ml of the above buffer at 370 for 5 min. The transhydrogenase activity of this mixture was assayed after it had been cooled to 230.
Assay of Binding of ATPase to Deficient Membranes. A membrane fraction from E. coli DL54 (about 1 mg of protein) was incubated with various amounts of purified ATPase in 5 mM MgCl2, 10 mM Tris* HCl, (pH 8.0) in a total volume of 1.0 ml for 15 min at 37°. After the further addition of 5 ml of the above buffer, the mixture was centrifuged at 100,000 X g for 120 min. The precipitate was suspended in the same buffer and ATPase activity was assayed as described above. 31 ,000 (,y), and 12,000 (e).
The final preparation from E. coli M\'L308-225 had one more subunit of molecular weight of 20,000 (a) (Fig. la) Purification of Reconstitutively Active ATPase from E. coli. This is essentially a modification of the procedure of Nelson et al. (22) , but it gave an ATPase with properties that were significantly different. Unless otherwise specified, experiments were done at 40.
(i) EDTA extract-The membrane precipitate obtained from 50 g (wet weight) of K12 (X) cells was suspended in 250 ml of a solution containing 0.5 mM EDTA, 1 mM Tris * HCl (pH 7.5), and 10% (v/v) glycerol. After incubation at 230 for 1 hr, the mixture was centrifuged at 100,000 X g for 120 min. The precipitate was discarded. ATP (1 mM) was added to the supernatant solution.
(ii) DEAE-cellulose column chromatography-Hereafter, all buffers used contained 10% glycerol, 2 mM EDTA, 1 mM ATP, and 1 mM dithiothreitol. The supernatant from the previous step was applied to a DEAE-cellulose column (3 X 17 cm) that had been equilibrated with 50 mM Tris HCl, pH 8.0. After the column was washed with a small amount of this buffer, a linear gradient was run with 300 ml of 0.1 M Tris-HCl, pH 8.0, in a mixing vessel and 300 ml of 0.55 M Tris HCl, pH 8.0, in a reservoir. One hundred fractions of equal volume were collected. The ATPase activity was recovered in tubes 60-80, and these fractions were pooled.
(iii) Gel filtration through Biogel A.5m-This step was carried out at 230. Solid ammonium sulfate was added to reach 65% saturation. The precipitate obtained after centrifugation at 10,000 X g for 10 min was dissolved in 1.0 ml of 50 mM Tris-HC, pH 8.0. Any insoluble material was removed by centrifugation at 10,000 X g for 10 min. The supernatant was applied to a column of Biogel A.5m (2 X 80 cm) that had been equilibrated with 50 mM Tris HCl, pH 8.0.
The flow rate was about 5 ml/hr, and 2.2 ml were collected in each fraction. The ATPase activity was recovered in tubes 23-29. It is noteworthy that ATPase specific activity was constant over the peak. A summary of the results from a typical purification is shown in Table 1 . The final specific activity was 90-120 units/mg of protein, and the recovery was about 30%. Only one densely stained band was seen in regular acrylamide gel electrophoresis at pH 9.0, 5% gel. After DodSO4-polyacrylamide gel electrophoresis, this preparation revealed five nonidentical subunits (Fig. la) . A scan of such a gel is shown in Fig. lb and gives an approximate ratio of these subunits. This ATPase could reconstitute the ATP-driven transhydrogenase. Moreover, reconstitution of this reaction with either crude extract or purified ATPase gave similar results (Table 1) . It is noteworthy that the specific activity of this preparation is about the same as that of the preparation made by the method of Nelson et al. (22) . Reconstitutively active ATPase with five nonidentical subunits was also obtained from E. coli MIL308-225 by this procedure (Table 1 , Fig. la) .
Comparison of Activity of Different A TPase Preparations in the Reconstitution Assay. As mentioned earlier, the ATPase preparations obtained by the two procedures differed in their ability to reconstitute ATPc-driven transhydrogenase activity. The ATPase from either E. coli ML308-225 or K12 (X) purified by the modified procedure was able to reconstitute the aerobic and ATP-driven transhydrogenase in washed membranes from ML308-225 (Fig. 2) . Reconstitution of either reaction was a saturable function of the amount of ATPase added. The ATPase from ML308-225 or K12 (X) purified by the procedure of Nelson et al. (22) could not reconstitute ATP-driven transhydrogenase (Fig. 2) Comparison of the Binding Ability of ATPase Prepared by Different Procedures. As shown previously, the purified or solubilized ATPase could bind to the membrane of an ATPase-negative strain or washed membrane from wild-type cells to restore its sensitivity to dicyclohexyl carbodiimide (20, 25) . It is of interest to compare the binding ability of ATPases prepared here. Especially, it is important to know whether ATPases that are inactive in the reconstitution assay could still bind to membranes. As shown in Fig. 3 , ATPase purified from K12 (X) or ML308-225 by the procedure described here bound to washed membrane from ML308-225 and became sensitive to dicyclohexyl carbodiimide. This observation is consistent with the fact that these ATPases could reconstitute the ATP-driven transhydrogenase reaction.
ATPase purified from K12 (X) by the procedure of Nelson et al. (22) , which had no 6 band, could not bind to washed membrane from ML308-225. Inability to bind to the membrane may be part of the reason that this ATPase could not reconstitute the ATP-driven transhydrogenase. ATPase purified from ML308-225 by the procedure of Nelson et al. (22) could bind to the membrane, suggesting that the defect of this ATPase is not due to an inability to bind to the membrane. Similar results were obtained with a washed membrane preparation from strain DL54, although this membrane showed only half as much ATPase binding as did the preparation from NIL308-225. All ATPase preparations were made free from ATP by ammonium sulfate precipitation and gel filtration by Sephadex G-25, and centrifuged at a protein concentration of 1 mg/ml in 10 mM Tris * HC1, pH 8.0, containing 5% glycerol. Equilibrium was established at 10,000 rpm at 200. Molecular weight calculations were based on a partial specific volume of 0.72. Other procedures are as described by Crepeau et al. (32) .
* Each value is the average of two to three different experiments. All experiments indicated the presence of a single molecular species.
Measurement of Molecular Weight by Equilibrium Centrifugation. As shown above, the two types of ATPase differed in subunit structure and ability to reconstitute ATP-driven transhydrogenase. To confirm the difference in subunit structure, we measured the molecular weight of different preparations by equilibrium centrifugation ( Table 2 ). The molecular weight of reconstitutively active ATPase from K12(X) (296,000) is significantly higher than that of reconstitutively inactive ATPase (240,000) from the same source. This difference can be explained by the complete loss of a subunit from reconstitutively inactive ATPase, when it was subjected to DodSo4_ gel electrophoresis. However, the molecular weight of the a subunit is lower than the above difference, suggesting the following possibilities; (a) reconstitutively active ATPase has two a subunits, or (b) reconstitutively inactive ATPase has lost the a subunit and another subunit.
The molecular weight of reconstitutively inactive ATPase from ML308-225 was about 20,000 lower than that of reconstitutively active ATPase from the same source. As the DodSO4r gel electrophoresis did not show a complete loss of any subunits, this difference of molecular weight suggests the partial loss of a subunit.
Other Properties of ATPase. It was of interest to compare some of the properties of these different preparations, although the properties tested were quite similar for all preparations. About 50% of the Ca2+-stimulated ATPase was inhibited by 0.5 mM MgCl2, while only 10% of the Mg2+- (22) . Thus, all three modifications are necessary to obtain ATPase that is active in the reconstitution assay.
We have observed that the ATPase obtained from K12(X), having four different subunits (a, ,B, 'y, and e), could neither reconstitute ATP-driven transhydrogenase nor bind to membrane deficient in ATPase. Nelson et al. (22) also observed the inability of this ATPase to reconstitute ATP-driven transhydrogenase and ATP-driven change of fluorescence of 9-amino-6 chloro-2 methoxyacryidine. On the other hand, ATPase obtained here from K12(X) having 5 subunits (a, ,3, y, 6 , and e) could reconstitute ATP-driven transhydrogenases and bind to the membrane. These results suggest that the 8 subunit is required for the interaction with membrane and, therefore, is essential for reconstitution of this energy-driven reaction. Final proof for this hypothesis depends on our being able to bind the 8 subunit to a defective ATPase and to restore the ability to bind to membrane and to reconstitute energy-driven reactions.
When the procedure of Nelson et al. (22) was applied to E. coli ML308-225, the purified ATPase was able to bind to deficient membranes and showed partial reconstitution of the aerobic transhydrogenase but not of the ATP-driven transhydrogenase. This result can be correlated with a lessintensely staining 8 band and a decrease of 20,000 in molecular weight, but it must be admitted that the nature of the defect of this particular preparation is not entirely clear.
While this work was being prepared for publication, a report of Bragg et al. (34) 
